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I. INTRODUCTION
E LECTRICAL protections are absolutely vital to safeguard the power systems against short circuits, abnormal operating conditions, overloads, and, in general, any type of events that threaten the reliability of the network. In power plants, the generating unit is the most important element. Therefore, protective systems focus specially on protecting generators [1] . In synchronous generators, the most common malfunctions, such as unbalanced stator voltages or vibrations, are caused by ground faults in the rotor winding. The excitation field circuit of synchronous generators is typically isolated during normal operating conditions. The field winding is exposed to mechanical and thermal stress cycles due to the rotation speed and the temperature increase [2] . In addition to the normal stress, the field winding can be exposed to abnormal mechanical or thermal stress due to overspeed, vibrations [3] , excessive field currents, poor cooling or stator negative sequence currents, among some others. This may result in a breakdown of the insulation between the field winding and the rotor iron at the points where the stress has the highest values. As the excitation system is isolated, a single ground fault in the field winding, or its associated circuits, causes a negligible fault current, which does not represent any immediate danger. However, if a second ground fault occurs, high fault currents and severe mechanical unbalances may quickly arise, leading to serious damage. In some cases, the field current, flowing through the rotor iron, could generate enough heat to melt it [4] , [5] . It is essential, therefore, that the first insulation failure has to be detected [6] - [8] , and the generator has to be removed from service to check the insulation health [9] .
Most rotor ground-fault detection devices used for synchronous generators are based on the detection of abnormal values in certain electrical variables, such as the stator no-load voltage [10] , or the air gap flux [11] ; thus, they can only detect double faults. Some other commercial detection devices precise an external injection voltage source, and they are based on the detection of the current that the source provides in case of ground fault. For synchronous generators with static excitation, a novel ground-fault detection algorithm has been presented, which not only detects the defect without any additional voltage source but also discriminates between a ground fault in the ac or the dc side of the excitation system [12] . This technique requires a high-value grounding resistance to be connected to the neutral point of the excitation transformer.
On the other hand, the ground-fault location can be a costly and laborious process, particularly in multipole synchronous generators. With the exception of some cases [13] , the location of the field-winding ground faults requires for the generator to be removed from service and the rotor to be extracted. The rotor diagnosis has been extensively studied in induction machines [14] - [22] , where many significant contributions that have been recently presented related to interturn fault detection [23] - [26] , broken-bar detection [27] - [30] , and asymmetries detection [31] - [33] . However, for synchronous machines, although important studies related to permanent-magnet synchronous machines [34] - [36] or rotor eccentricity [37] , [38] have been recently published, in the topic of fault detection and location in the field winding, there are not many contributions [39] - [42] . Concretely, the rotor ground-fault location is performed in a standstill condition, requiring a high-power external power source and a voltmeter, which sometimes has to have sensibility of millivolts [43] .
A novel location algorithm has been previously presented [44] , which implies two major advantages. First, it does not need an additional voltage source. Second, this new technique locates the defect in online operation.
This novel location algorithm requires the estimation of the fault resistance value to obtain the position of the defect. The value of the fault resistance is obtained through the voltage measurements in the grounding resistance and in the output of the controlled rectifier of the excitation system. However, the accuracy of this estimation has an influence on the precision of the fault location. This paper presents a novel algorithm for the estimation of the fault-resistance value. It is based on the comparison between the third-harmonic component of the voltage in the grounding resistance and the third-harmonic voltage expected. This latter voltage is obtained by measuring the dc output voltage of the controlled rectifier and the ac supply voltage of this power converter. This new algorithm of fault-resistance value estimation, integrated in the location method previously presented [44] , has been tested with satisfactory results in a 5-kVA laboratory synchronous generator and a 106-MVA commercial generating unit.
This paper first presents a brief description of the complete rotor ground-fault location method. The novel fault-resistance value estimation algorithm is described in Section III. The results of the test in the laboratory machine and in the commercial generator are described in Sections IV and V, respectively. Section VI concludes the main contribution of this research.
II. BRIEF DESCRIPTION OF THE ROTOR GROUND-FAULT LOCATION METHOD
This method first allows for the discrimination as to whether the ground fault is on the ac side or on the dc side of the excitation system. In addition, if the fault is located on the dc side, it is possible to provide an estimation of the ground-fault location along the field winding. If the fault is on the ac side, the algorithm detects the faulty phase and obtains the fault resistance. As additional equipment, a high-value grounding resistance is required at the excitation transformer low-voltage side. The grounding-resistance value (R G ) should be calculated to limit the ground-fault current to an acceptable value. The waveform of the voltage measurement in the grounding resistance (V ), in the field winding (V f ), and in the low-voltage side of the excitation transformer (V ph ) are analyzed to detect and locate the ground fault (see Fig. 1 ). In the measurement wave analyzer block, the harmonic components of the voltage measurements, necessary for the algorithm, are obtained [see Fig. 2 
(a)].

A. AC/DC-Side Discrimination
In case of ground fault in the excitation system, a current will flow through the grounding resistance, and the frequency of the grounding-resistance voltage (V ) will depend on the position 
B. Field Winding Ground-Fault Location Method
The ac/dc-side discrimination detection method is based on the analysis of the frequency of the ac component of the voltage at the grounding resistance. However, in case of fault in the field winding, a dc component also appears in the voltage measurement of the grounding resistance.
The principle behind the location method is the linear relationship between the dc voltage component in the grounding resistance (V DC ) and the position of the fault along the field winding (x(%)). The amplitude of V DC has the maximum value, with positive polarity, when the fault occurs in the negative terminal, which is considered as the start of the winding (x = 0%) (see Fig. 1 ), as shown in Fig. 4(a) . On the other hand, if the fault occurs in the positive terminal, which is the end of the winding (x = 100%), V DC has the same amplitude, although the polarity is negative [see Fig. 4(b) ]. However, V DC is negligible for faults at the midpoint of the winding (50%), as shown in Fig. 4(c) . In this laboratory case, the dc component of the excitation voltage V fDC was adjusted to 20 V, and the grounding resistance R G was set to 1 kΩ. According to [44] , the maximum value of the dc component (V DC0 ) depends on the value of the fault resistance R F . Both parameters can be obtained through the following expressions:
Expression (1) shows the linear relationship between the dc component of the field voltage (V fDC ) and the maximum value of V DC (V DC0 ). This way, just measuring V DC , the position of the ground fault (x(%)) can be easily obtained using expression (2) . The complete rotor fault location methodology is summarized in the scheme of the location block, as shown in Fig. 5(a) .
C. AC-Side Ground-Fault Detection Algorithm
If the ground fault occurs on the ac side of the excitation system, the fault current depends both on the fault-resistance and the grounding-resistance value. In the worst-case scenario (the insulation failure is severe, and the fault resistance is close to zero), the fault current is limited only by the grounding resistance to a very low value, which allows the fault to be detected, but ensures no damage. The value of the fault resistance for every case of ac-side ground fault can be obtained by the following expression:
where V phAC,f is the ac component at f 1 of V ph , and V AC,f is the ac component at f 1 of V . Moreover, the faulty phase is determined by phase comparison using V phAC,f and V AC,f , since in case of ground fault at this part of the excitation system, the phase-neutral voltage of the faulty phase and the groundingresistance voltage have the same phase angle. The algorithm for detecting ground faults on the ac side of the excitation system is summarized in Fig. 5(b) .
III. NOVEL ESTIMATION METHOD OF GROUND-FAULT RESISTANCE VALUE
When a solid ground fault occurs at any point of the field winding, a circulating current flows through the grounding resistor, and V is measured. For instance, in Fig. 6(a) , a ground fault in the positive terminal (100%) of the field winding is represented, where α is the firing angle, V AB , V BC , V CA are the phase-to-phase voltages, and V AN , V BN , V CN are the phaseneutral voltages. As observed in this case, the ground fault is electrically connected to the terminal with the highest level of voltage (A, B, or C) , which makes the waveform of V the same as the output of a three-phase half-wave rectifier, whereas V f is not affected. In Fig. 7(a) , the waveforms of V and V f are represented for this case, considering the phaseto-phase voltage level V phAC,f = 314 V and α = 60
• . As observed, the main frequency of V is 150 Hz (3 · f 1 ) , whereas the main frequency of V f is 300 Hz (6 · f 1 ) . In the online location method previously presented [44] , the fault resistance 
Although the ratio between V fAC,6f and V AC,3f linearly varies, the accuracy of the calculation of R F through this ratio may not be so accurate. For instance, in case of a solid ground fault (R F = 0 Ω), while the value of this ratio should be 1, its actual value is 1.108. This fact leads to the necessity of calculating the value of R F through a new algorithm described in this paper.
While the waveform of the voltage in the field winding (V f ) remains unalterable in case of ground fault of any R F value and at any position, the waveform of the voltage in the grounding resistance (V ) depends on the value of the fault resistance (R F ). The effect of the value of R F in the measurement of V can be studied through the equivalent circuit in Fig. 6(b) , where V * AC,3fM is the maximum value of the 3 · f 1 component of the voltage measured in the grounding circuit, which corresponds to the case of R F = 0 Ω.
) is equal to V * AC,3fM in case of R F = 0 Ω; however, as the value of R F is increased, the level of V AC,3f lowers. In Fig. 7(b) , the waveform of V is represented in case of a ground fault at the positive terminal (100%) and α = 60
• , for several values of fault resistance.
Through the equivalent circuit represented in Fig. 6(b) , the fault resistance value is calculated by the following expression:
Nonetheless, the value of V * AC,3fM is only known in the case of R F = 0 Ω. Therefore, the value of this variable has to be estimated, whereas the value of V AC,3f is obtained through fast Fourier transform analysis of the actual measurement of V .
For the estimation of V * AC,3fM , the value of the firing angle has to be obtained first. This variable (α * ) is calculated through the dc component of V f (V fDC ) and the ac voltage supply (V phAC,f ), as observed in the following well-known expression:
The waveform of V in case of a ground fault with R F = 0 Ω [see Fig. 7(b) ] is the waveform of the output voltage of a halfwave rectifier, fed by the phase-neutral voltage of the secondary winding excitation transformer. This waveform is decomposed in Fourier components through the following expression:
where ω 0 is the angular frequency, related to the fundamental frequency of the waveform f 0 (f 0 = 3 · f 1 ), and n is the harmonic order. For this voltage waveform, the fundamental frequency is 3 · f 1 (150 Hz); hence, coefficients A 1 and B 1 correspond to the frequency components of 150 Hz. Hence, V * AC,3fM (rms) is obtained by expression (8) , which depends on α * and V phAC,f . Thus,
These coefficients are obtained through the following expressions:
Finally, expressions (11) and (12) show the value of these components and its dependability on the firing angle, previously obtained, i.e.,
Through A 1 and B 1 , the value of V * AC,3fM is obtained. Finally, the estimated value of the fault resistance (R * that, although the value of V AC,3f decreases as R F increases, the value of V * AC,3fM remains constant, because it depends exclusively on α * and V phAC,f [see (8) ], which makes the comparison very robust.
IV. EXPERIMENTAL RESULTS IN A 5-kVA LABORATORY SYNCHRONOUS GENERATOR
Experimental tests have been performed in a real synchronous generator to evaluate the increase in accuracy in the fault location, by the integration of the fault-resistance estimation algorithm within the location method. The tests have been carried out in a laboratory setup, whose simplified scheme is shown in Fig. 9 . The 5-kVA synchronous generator is specially designed to perform rotor ground faults, since some points of the rotor winding are accessible (25%, 50%, and 75%). In For several values of ground-fault resistance, ground faults were performed in the accessible points of the rotor winding, as well as at the negative terminal (0%) and the positive terminal (100%). The results were registered by an oscilloscope and analyzed with MATLAB, where the algorithm was executed. In Fig. 11 , the waveforms of the voltage in the grounding resistance, i.e., V , obtained during the ground-fault tests are represented. The ratio of the excitation transformer used in these tests is 400/25 V (V phAC,f = 25 V). The excitation voltage (V fDC ) is 20 V, which implies a firing angle α of 54
• approximately. As described, in case of ground fault in the negative terminal of the field winding (0%), the dc component of V has positive polarity [see Fig. 11(a) ]. However, its magnitude depends on the fault resistance value. As the fault resistance value increases, the magnitude of V DC lowers.
In Fig. 11(b) and (c), the waveforms of V are represented for ground fault at 25% and 50% of the field winding, respectively, for several values of fault resistance. As observed in both figures, the magnitude of V is yet again lower for higher values of fault resistance (4.7 kΩ).
In Tables I-III , the results of the location algorithm during ground-fault tests are summarized. For each value of fault , R * F , and the estimation of the fault location, x * ) are also summarized. As observed in Table I (ground fault in 25% of the field winding), while the magnitude of V DC and V AC,3f is reduced when R F increases, the magnitude of V * AC,3fM , obtained by the algorithm, remains constant. As expected, in Table II (ground fault in 50% of the field winding), it is observed that the magnitude of V DC remains very close to zero for any value of fault resistance.
As observed in these tables, the accuracy of the fault resistance obtained through the algorithm (R * F ) is improved for higher values of fault resistance. In this laboratory-scale setup, the precision of the measurement of V ph or the accuracy in the calculation of α * and V * AC,3fM implies large error in the calculation of R * F for lower values of fault resistance. Even so, the results of the ground-fault location (x * ) show satisfactory accuracy (less than 2% error) in every test. The improvement of the accuracy in the location algorithm is observed in Table IV , in which the results of the fault location and its error (x * and E) is compared with the previous method (x * p and E p ).
V. EXPERIMENTAL RESULTS IN A 106-MVA COMMERCIAL SYNCHRONOUS GENERATOR
This novel location method was tested in a 12-kV 106-MVA hydro-synchronous generator, whose data are summarized in Ground-fault tests were performed in some of the interpole connections (0%, 33.3%, 50%, 66.6%, and 100%) of the field winding, with several values of fault resistance and R G = 10 kΩ (see Fig. 12 ). Voltages V , V f , and V ph were registered with an oscilloscope and postanalyzed with MATLAB, where the algorithm is executed. The experimental setup for the field test is shown in Fig. 13 , where the main components of the scheme can be identified. The most significant waveforms of V , obtained during ground-fault tests, are represented in Fig. 14. As expected, the magnitude of V is reduced as the fault resistance value is increased in each case. Moreover, the symmetry of the waveform in case of fault in 33.3% and 66.6% and in 0% and 100% can be observed. In Tables V-IX , the quantitative results of the ground-fault tests are summarized. As observed in these tables, as the value of fault resistance increases, the The results of the application of the complete location method in the commercial 106-MVA generator are summarized in Table X , where results obtained through the previous method (x * p and E p ) and through the algorithm presented in this paper (x * and E) are compared. As observed, the incorporation of this new fault-resistance value estimation algorithm in the location method provides more accurate results, thus reducing the error in every case.
Finally, some comments have to be mentioned regarding the comparison between the results of the application of the location method to the laboratory 5-kVA synchronous machine (see Table IV ) and to the commercial 106-MVA generator (see Table X ). As can be observed, the results in the laboratory machine are considerably better than the results in the large generator. This is due to the effect of the capacitance-to-ground of the field winding. In the 5-kVA synchronous machine, the value of the capacitance-to-ground is very low, and its effect is completely undetectable. In commercial machines, such as the 106-MVA synchronous machine, where the algorithm has been tested, this parameter has a low effect for R F < 5 kΩ. However, the effect of the capacitance-to-ground makes the error higher for R F > 5 kΩ, as observed in Tables V-IX . This latter fact does not reduce the applicability of this new location method, taking into account that the conventional ground-fault protective systems provide an alarm, typically when the equivalent impedance is lower than 3-4 kΩ. The trip in these devices is commonly set to 1-2 kΩ, where the algorithm presents the best accuracy. 
VI. CONCLUSION
In this paper, a new algorithm for the calculation of the rotor ground-fault resistance value in synchronous machines with static excitation has been presented. This new algorithm is an improvement of an online ground-fault location method previously presented, whose application requests the installation of a grounding resistance in the secondary winding of the excitation transformer.
In the previously presented method, the fault resistance value was calculated through the ratio between the sixthharmonic component of the field voltage and the third-harmonic component of the voltage in the grounding resistance, which introduced an error in the fault location. The new algorithm presented in this work is based on the comparison between the third-harmonic component of the voltage in the grounding resistance and the third-harmonic voltage calculated through the algorithm. This latter voltage is obtained through the measurements of the dc output voltage of the controlled rectifier and the ac supply voltage of this converter.
This new algorithm for calculating the fault-resistance value has the following major advantages: First, it does not need extra measurements or equipment, since the calculation is obtained with the field-winding voltage and the voltage measurement at the grounding resistance. Second, it may be easily implemented in modern protective relays. Finally, it can provide an accurate value of fault resistance in an online operating condition, which allows the location method to give a more precise location of faults that only occur while rotating.
The improvement of the accuracy in the calculation of the fault resistance value allows for improving the accuracy of the online ground-fault location method. The complete location method has been first tested in a 5-kVA laboratory synchronous generator, with satisfactory results, thus reducing the location error more than three times in some cases, obtaining errors below 1% in most of the tests. Second, this location method has also been tested in a 106-MVA hydro-synchronous generator.
The positive results of these tests show a reduction in the location error of more than 4% in some cases.
The results presented in this work increase the interest in the ground-fault location in an online operating condition. The application of this new fault-resistance estimation algorithm and the online location method in commercial synchronous generators may become interesting for the industry. It may help drastically reduce repair time and cost, after the detection of a ground fault, as it can be accurately located. Concretely, in some hydro-synchronous generators, where every single pole can be individually extracted, this location method can turn out to be highly interesting, since it may avoid the extraction of the whole rotor, which is a very expensive operation.
APPENDIX
See Table XI. 
